Responses of plant water use to a severe summer drought for two subtropical tree species in the central southern China  by Luo, Zidong et al.
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Study  region:  Western  suburb  of  Changsha,  Hunan  Province,  the  central  southern  China.
Study  focus:  Plant  transpiration  plays  a  signiﬁcant  role  in  the  terrestrial  water  cycle  and  is
closely associated  with  ecosystem  primary  production.  Summer  drought  in  the  study  area
poses  a stress  on  plant  water  use  and  associated  carbon  assimilation  in  growing  season.  In
this  study,  water  use  response  of  two  evergreen  tree  species  to  variation  in  environmental
conditions  was  examined  during  a severe  summer  drought.
New  hydrological  insights:  The  results  show  that  a decrease  in  water  use  during  the  drought
for both  two species  is closely  associated  with  an increase  in  vapor  pressure  deﬁcit  and
a decrease  in  stem  water  potential.  The  two  species  appear  to be  anisohydric,  but  to  a
different  degree  in response  to  the drought.  The  hydrodynamic  water  potential  gradient
( )  maintains  relatively  constant  with  an average  value  of 0.59  MPa  for C.  camphora,  and
1.59 MPa  for  O.  fragrans.  O.  fragrans  is  less  sensitive  to drought  than  C.  camphora,  while  C.
camphora shows  an  effective  survival  mechanism  via  leaf  shedding  and  dieback  of shoots.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
Forests store 45% of terrestrial carbon and sequester a large amount of carbon annually (Bonan, 2008). Droughts, especially
onger droughts and heat waves, impact tree mortality, reduce global net primary production (Zhao and Running, 2010),
nd may  even cause ecosystem restructuring (McDowell et al., 2008). For example, wide spread forest mortality in tropical
orests during droughts has been reported leading to a change from a net carbon sink into a large carbon source (Lewis,
006; Phillips et al., 2009).
Climate change is likely to see an increase in frequency and severity of extreme droughts, high temperature and heat
aves (Saxe et al., 2001; Sterl et al., 2008; Allen et al., 2010; Dai, 2012). Droughts, which are often accompanied with high
emperature, have important consequences on tree growth and survival. Tree mortality occurs frequently in arid and semi-
rid regions during droughts (McDowell et al., 2008). Recent studies suggest that drought impacts also occur in tropical,
ubtropical and temperate regions (Kocher et al., 2009; Allen et al., 2010; McDowell et al., 2011).
Several mechanisms have been proposed in the literature regarding how trees respond to droughts. Among them,
ydraulic failure and carbon starvation are two widely accepted mechanisms (McDowell et al., 2008; Anderegg and Callaway,
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E-mail address: zxp@hunnu.edu.cn (X. Zhang).
http://dx.doi.org/10.1016/j.ejrh.2016.08.001
214-5818/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
icenses/by-nc-nd/4.0/).
2 Z. Luo et al. / Journal of Hydrology: Regional Studies 8 (2016) 1–9Fig. 1. Rainfall (black bars) and average temperature (Ta, circles) during the selected period corresponding to the 2013 midsummer drought (1th July to
18th  August) from 1970 to 2014. The 2013 data are highlighted with the white bar and black dot.
2012; Hartmann et al., 2013). Under drought stress, trees of different functional types have different mechanisms to ﬁnd a
balance between maintaining photosynthesis and reducing transpiration to avoid xylem embolisms. McDowell et al. (2008)
demonstrate that different mechanisms can lead to contrasting mortality during a severe multiple-year drought, which may
further result in changes in tree species composition.
Droughts, especially those in summer growing season, often occur in the central southern China. Previous studies on
forest trees in this area were focused on photosynthesis (Tian et al., 2004; Zhang et al., 2014), variation of vegetation index
(Jiang et al., 2011; Guo et al., 2015). However, no studies have examined plant water use in response to drought stress in
this subtropical environment. With this knowledge gap, we  investigate whole tree water use and short-term regulation
mechanisms for two common tree species (Cinnamomum camphora and Osmanthus fragrans) in Hunan Province, the central
southern China.
This study aims at understanding the response of tree water use to droughts in the subtropical monsoon area in the central
southern China. The primary objectives are (1) to examine the response of tree water use to variations of vapor pressure
deﬁcit (VPD) and root-zone water potential in a summer drought, and (2) to investigate water use strategies and drought
response mechanisms of the selected tree species. The study is based on ﬁeld measurements performed during a severe
summer drought in 2013. The result will improve our understanding of the drought tolerance and short-term strategies in
coping with droughts for the studied tree species.
2. The study site and measurements
2.1. The study site
The study site is located in the western suburb of Changsha in the central southern China (28◦09′46′′N, 112◦53′20′′E,
70 m above sea level). It is characterized with a humid subtropical monsoon climate, with a mean annual precipitation of
1360 mm and mean annual temperature of 17.2 ◦C. Resulting from different air mass inﬂuences in the summer monsoon
season, precipitation distributes unevenly between months, often leading to high temperature and low precipitation in
midsummer.
The ﬁeld experiments were conducted from April to October of 2013. A severe drought with frequent high temperatures
occurred from 1th July to 18th August, 2013 in the study area. It had the lowest midsummer precipitation and highest air
temperature in the recent four decades (Fig. 1). The 2013 midsummer high temperature and drought have been most severe
since 1951 (Luo and Li, 2014). This drought provided a good climatic setting to perform the experiments for this study.
Two subtropical evergreen species (O. fragrans and C. camphora)  were selected for this study. The two species are common
native species widely distributed to the south of Yangtze River in China. Physiological characteristics of sample trees are
listed in Table 1. The O. fragrans sample trees are part of a 1500 m2 plantation established on previous cropland in 2003, and
the C. camphora trees grow in a natural grove on a nearby hill.
2.2. Measurement of sap ﬂowEight sets of heat-pulse sap ﬂow sensors (SFM1, ICT International Pty Ltd., Australia) were used to monitor sap ﬂow of
all four sample trees. For each tree, the south and north sides of the trunk were respectively installed with three 35-mm
probes (two temperature measurement probes installed at 5 mm above and below the heat probe) at a height of 1.3 m above
ground. Two temperature measurement points in each of the two  probes were posited in sapwood to capture the sap ﬂux.
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Table  1
Selected characteristics of four trees in the experiment.
Sample trees Height(m) Diameter at
breast height
(cm)
Project canopy area(m2)
Tree 1a (O. fragrans) 4.5 7.64 2.2
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oTree  1b (O. fragrans) 3.8 8.76 2.0
Tree 2a(C. camphora) 6.0 15.76 8.5
Tree 2b(C. camphora) 6.0 16.02 7.8
he probe sets and data logger were powered by a 12-V solar panel or one 12-V battery. The data were recorded at a 30-min
nterval.
Right after the monitoring period, wood core samples were collected to identify the sapwood width, bark thickness,
apwood fresh and dry weight, and sapwood fresh volume. All these were used to calculate sap ﬂow rates for each tree by
he Sap Flow Tool (analysis and visualization of sap ﬂow data, ICT International Pty Ltd.), based on the method described in
urgess and Adams (2001). Transpiration (Ec) was converted from the sap ﬂow rates by an effective area of each tree.
.3. Measurement of stem water potential
Thermocouple stem psychrometers (PSY, ICT International Pty Ltd., Australia) developed by Dixon and Tyree (1984),
ere used to measure stem water potential ( st) for selected sample trees at a 30-min interval. Each set of PSY has two
isible constantan thermocouples in its chamber. The one slightly extended above the chamber is designed to measure
emperature at the sapwood surface; the inner one is to measure air temperature in the chamber, and the response of
emperature following a cooling pulse. All these measured temperatures are used to calculate stem water potential. The
tem psychrometer is attached to the stem by using a clamp to hold it in the position and is powered by a 12-V solar panel
r a battery. The measurement range of PSY is from −0.01 to −10 MPa, with an accuracy of +/−0.01 MPa  and a resolution of
.002 MPa.
Recently, PSY has been applied in the studies on different species (Yang et al., 2012; Vandegehuchte et al., 2014; Wang
t al., 2014). These studies have shown that predawn water potential in the tree and root-zone soil very likely reaches an
quilibration. So predawn stem water potential ( pd) calculated from the average of  st between 4:00 A.M. and 6:00 A.M.
n this study is used to estimate root zone water potential.
.4. Micrometeorological data
An automatic weather station (WeatherHawk-232, USA) was  installed near the experimental site (approximately 10 m
rom the plantation site, and 150 m from the grove) measuring rainfall, air temperature, global radiation, relative humidity
nd wind speed data with a 30-min interval. Air temperature and relative humidity were used to calculate vapor pressure
eﬁcit.
In order to investigate potential difference in water use response during different phases of the experimental period, the
nalyses were performed for three sub-periods: pre-drought (19th April to 30th June), in-drought (1st July to 18th August)
nd post-drought (19th August to 13th October).
.5. Statistical analysis
All statistical analyses were conducted with SPSS 13.0 software package (SPSS Inc., USA) to investigate the signiﬁcance
f difference. The relationship between Ec and VPD, Ec and  pd was  analyzed with non-linear regressions. All ﬁgures were
roduced with the Origin software package (OriginPro 9.0, OriginLab, USA).
. Results and analysis
.1. Plant water use of the two species during the whole experimental period
During the experiment in 2013, rainfall mainly occurred from April to June (Fig. 2). A summer drought developed from
arly July to 18th August, in company with an increasing VPD and air temperature. During this drought period with a 48-day
ry spell, the daily mean air temperature was above 30 ◦C everyday. High temperature (daily maximum temperature ≥35 ◦C)
ontinued over 42 days. In this context, the plantation owner applied irrigation for the O. fragrans trees on 10th August when
PD and temperature were very high.
Fig. 3 shows the transpiration of all sample trees during the measurement period. The transpiration rates maintained
elatively high values before July and reached the maximum transpiration rates during the early days of July which was
ikely due to adequate soil water supply and increasing evaporation demand. No remarkable difference in transpiration was
bserved among all sample trees during this period. But the difference in plant water use became obvious as the drought
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Fig. 2. Selected microclimatic variables including daily rainfall, mean air temperature (Tmean), maximum air temperature (Tmax) and vapor pressure deﬁcit
(VPD)  from 19th April to 13th October 2013. Between the two dash lines is the period of the midsummer drought. The solid gray line shows that an irrigation
event occurred for O. fragrans on 10th August under a condition of high VPD and temperature. The decrease of temperature and VPD following the irrigation
day  was due to a large scale change of weather condition.Fig. 3. Daily transpiration rates (Ec) of the sample trees during the measurement period. Some breaks in lines are due to the missing data. In the red
rectangle shows the variation in Ec of two O. fragrans trees due to an irrigation event on 10th August. (For interpretation of the references to colour in this
ﬁgure  legend, the reader is referred to the web  version of this article.).
developed, and this difference persisted after the drought. For all sample trees, transpiration rates decreased with the drought
progress, and came to the minimum values of the whole experimental period on 20th August (the end of the drought).
The transpiration rates of O. fragrans (Tree 1a and Tree 1b) decreased gradually in the drought period. A sudden increase
in transpiration rates of two O. fragrans trees on 10th August was  due to watering by the plantation owner on the same day
(10th August). This quick response indicates that the drought had not caused signiﬁcant hydraulic failure for O. fragrans. Ec
of O. fragrans began to decrease in company with a decrease in VPD and temperature on the second day after the irrigation.
A dramatically decrease in transpiration rates occurred for C. camphora (Tree 2a and Tree 2b) during the severe summer
drought, especially in July.A signiﬁcant difference in transpiration rates also occurred in the post-drought period (starting late August). For O.
fragrans, its transpiration rates recovered quickly after rainfall, while the C. camphora trees experienced difﬁculty to recover
from the drought. This should be due to the different drought impact on the two  species. For O. fragrans, its transpiration
rates were nearly as sensitive to VPD and stem water potential (Figs. 4 and 5) in the post-drought period as in the pre-drought
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Fig. 4. Daily transpiration (Ec) of the two species v.s. vapor pressure deﬁcit (VPD) for the three periods: pre-drought (black dots), in-drought (triangles), and
post-drought (open circles), ﬁtted with a logarithmic regression equation (Ec = a*ln(VPD) + b). Daily global radiation (Rg ) v.s. VPD is shown for comparison.
To  avoid the possible bias in the analysis resulting from the irrigation at the O. fragrans site, the E data of the two species from 10th to 18th August are
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*  for p < 0.001.
eriod, suggesting a negligible (or very weak) hydraulic inﬂuence from the drought. While for C. camphora,  the sensitive to
PD and stem water potential reduced greatly in the post-drought period, and nearly 60–70% leaves were shed during the
rought. This was the mainly reason for a lower and stagnant transpiration rates for C. camphora in the post-drought period.
ue to the unexpected irrigation at the O. fragrans site, it is not appropriate to completely attribute the observed different
ost-drought responses to the different drought tolerance between the two species. Nevertheless, a steeper decreasing slope
n Fig. 5 for transpiration of C. camphora than that of O. fragrans before the irrigation event, in company with similar predawn
ater potential decreasing slopes between the two  species, indicates that C. camphora is hydraulically more sensitive to the
rought.
.2. Relationship between plant water use and VPD
Vapor pressure deﬁcit is an environmental variable inﬂuencing evapotranspiration. It is reported that VPD can explain
ore than two-thirds of the daily transpiration variability in summer of a semiarid region of China (Du et al., 2011). On one
and, VPD determines the hydraulic gradient from leaf to air, which enhances transpiration. On the other hand, to avoid
uick water loss particularly under water stress, leaves reduce stomatal aperture and thus transpiration.
Fig. 4 shows the daily transpiration response to VPD in the pre-drought, in-drought and post-drought periods. Global
adiation during the three periods is shown as well. No signiﬁcant difference in energy supply occurred between the pre-
raught and post-drought periods. Energy supply in the in-drought period was, on average, higher than the other two  periods.
uring the pre-drought period, Ec was very sensitive to VPD with a positive correlation for all sample trees. An increase in
c , accompanied with a rising VPD, was very likely due to a sufﬁcient soil water supply. O. fragrans and C. camphora show
imilar sensitivity (based on the coefﬁcient of ln(VPD)) to VPD during this period.
During the period when the drought was developing, Ec response to VPD was  negative, indicating that the stomatal
esponse to VPD had dominated over the VPD driving effect for transpiration. Fig. 4 shows that when VPD is over 1.75 kPa,
he Ec decreasing trend is signiﬁcant for both species. This indicates that the trees were under signiﬁcant stress likely from a
ombination of limited soil moisture supply and a high atmospheric demand. This 1.75 kPa in VPD seems to be a critical value
f the Ec–VPD relationship and is higher than the value (1.2 kPa) in drought condition reported in other studies (Poyatos
t al., 2008; Chirino et al., 2011). C. camphora appeared to be more sensitive to an increase in VPD than O. fragrans, but
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Fig. 5. Transpiration (Ec , red dot and dashed line, daily) and stem water potential (black solid line, 30 min  intervals) of O. fragrans (a) and C. camphora (b) in
the  three periods (some missing data shown in pre-drought and post-drought due to some bad data in raining days). Daily rainfall is shown for comparison.
The  error bars represent one standard deviation. The shade area in (a) shows the response of stem water potential and Ec of the O. fragrans trees from the
irrigation event (10th August) to the end of the drought (18th August). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred  to the web version of this article.)
in an opposite direction as in the pre-drought period. O. fragrans was  less sensitive and maintained 2.5 mm/day or above
transpiration during the drought.
During the post-drought period, the Ec–VPD relationship returned to be positive, suggesting a recovery from the drought.
The best recovery occurred to O. fragrans, indicated from its close to pre-drought coefﬁcient, while C. camphora lost the most
positive VPD sensitivity after the drought indicating that the drought had caused signiﬁcant problem (leaf shedding) for this
species.
3.3. The response of plant water use to stem water potential
Plant water potential is a sensitive indicator for plant water status or water deﬁcit (Fu et al., 2004; Nortes et al., 2005).
Given little difference in tree water use during the pre-drought period (Fig. 3), the following analysis will focus on the
in-drought and post-drought periods. During the in-drought period, a decrease in stem water potential was  accompanied
by a decrease in daily transpiration rate (Fig. 5). The decreased stem water potential reﬂected increasing dryness in the
root zone. Fig. 5 also shows similar predawn water potential (−2 to −2.5 MPa) at the deepest point of the drought between
the plantation site (O. fragrans trees) and the natural grove (C. camphora trees), indicating similar soil moisture conditions
although they grow in different places. This similarity allows us to compare water use strategies between the two different
species.
The scatter plots between Ec and pd shown in Fig. 6 further demonstrate the difference in water use response to drought
between the two species. The Ec decreased with a decrease in  pd (Fig. 6). At the beginning of the drought, both species
transpired at high rates, with C. camphora having the highest Ec value of more than 5 mm/day. Under water deﬁcit conditions,
a reduced Ec occurred for both species, and it was more signiﬁcant for C. camphora.  The results from the ﬁtted equations
show the Ec of C. camphora is more sensitive to pd than O. fragrans based on the coefﬁcient 0.25 for O. fragrans and 0.58 for
C. camphora.
Stem water potential ﬂuctuates diurnally. It decreases in daytime due to transpiration, and rises during night time when
transpiration stops. The gradient of st between day and night reﬂects the driver of plant absorbing moisture from soil. As
Fig. 7 shows, the hydrodynamic water potential gradient,  , remained relatively constant during the in-drought period as
well as the pre- and post-drought periods for both two species. And   values of O. fragrans were higher than C. camphora.
The mean   was 0.59 ± 0.16 (one standard deviation) MPa  and 1.59 ± 0.19 MPa  for C. camphora and O. fragrans, respectively.
On one hand, stem water potential kept decreasing with the drying root zone soil during the drought (Fig. 5) suggests that
the two species (O. fragrans and C. camphora)  have the anisohydric nature (McDowell et al., 2008) at least down to a root zone
water potential around −2.3 MPa. On the other hand, the relatively constant   across the whole study period suggests
these two species are isohydrodynamic for the examined range of water potential (down to −2.3 MPa) (Franks et al., 2007).
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Fig. 6. The relationship between transpiration (Ec) and predawn stem water potential ( pd) from 1st July to 9th August for the two species, ﬁtted with the
exponential functions. The signiﬁcance level is marked with ** for p < 0.001. Similar to Fig. 4, data of both sites from 10th to 18th August are excluded in
this  analysis.
Fig. 7. Daily diurnal range of stem water potential   (  = | st-max − st-min|) v.s. predawn stem water potential ( pd) during the study periods, showing
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1igniﬁcant difference (p < 0.001) in   between the two species. Solid symbols values obtained during the drought while open symbols during pre-drought
nd  post-drought periods. Data of O. fragrans during 10th to 18th August in the in-drought period are excluded in consideration of the irrigation disturbance.
. Discussion
Generally, water is not a limiting resource in humid subtropical ecosystems. However, plants can suffer water deﬁcit once
 (severe) seasonal drought happens in the ecosystems. Our data show different responses of plant water use to the drought
etween the two species. Ec of O. fragrans experienced a gradual decline during the drought period while C. camphora showed
 steep decrease in Ec (Figs. 3–5). This result indicates that C. camphora is more sensitive to drought than O. fragrans.
McDowell et al. (2008) reported that trees fall into two  categories of stomatal regulation: isohydry and anisohydry. For
he trees investigated in this study, both species appeared to be anisohydric, evident from stem water potential and/or sap
ow measurements during the drought (Fig. 5), but to a different degree in response to the drought. The anisohydric nature
oses a high risk of hydraulic failure during an intensive drought. Of the two studied species, we  observed that C. camphora
hed leaves during the severe drought. Leaf shedding is a common mechanism for many species in adaptation to drought
Tyree et al., 1993; Brodribb and Holbrook, 2003; Chaves et al., 2009; Piper, 2011). Tree sheds leaves during drought to
educe transpiration. This mechanism prevents excessive water loss and a consequent hydraulic failure (see Figs. 3 and 5;
oberts, 2000). Leaf shedding during a drought was beneﬁcial for C. camphora to reduce Ec and improve water status of the
emaining leaves and subsequent survival from the drought.Many researches have demonstrated that drought-induced leaf shedding is associated with xylem cavitation (Sobrado,
986; Machado and Tyree, 1994). Recovery and survival level from the drought also can be restricted by xylem cavitation.
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For C. camphora,  death of partial branches and whole shoots were observed after the drought. This irreversible damage also
resulted in a relative low value of Ec for C. camphora,  despite recovery in plant water potential after the drought.
No dieback or leaf shedding was observed for O. fragrans trees before and after the watering event at the plantation site.
During the summer drought, Ec decreased despite a high transpiration demand in the atmosphere. Irrigation had increased
the soil water supply for transpiration. Ec of O. fragrans increased rapidly with the irrigation and subsequently reduced to
the pre-watering level at the seventh day after the irrigation.
However, watering for the O. fragrans introduced some difference in soil moisture conditions between the two  examined
species. This difference leads to the minimum predawn stem water potential during the drought period for the O. fragrans
trees about 0.2 MPa  (Figs. 5 and 7) wetter than the C. camphora,  which brings some ambiguities in comparing the drought
response of the two species. Nevertheless, the difference in tree water use behavior, in terms of their response to VPD and
 pd, was still different regardless the watering event (Figs. 4 and 6). The ﬁndings presented in the results section still hold
when the data points post the watering event (about 9 days) are excluded in the analysis.
It should be noted that only two tree individuals were investigated per species in this study due to the limitation of
resources. Nevertheless, both individuals of the same species showed very similar responses to environmental conditions,
providing some conﬁdence about the results. Future investigations should investigate more trees to further test the result
found in this study.
5. Conclusion
In conclusion, this study examines the responses of plant water use to a severe drought and tree survival mechanisms by
investigating the effects of meteorological variable (VPD) and root-zone water potential. The results show that a decrease
in water use during the drought for two species is closely associated with an increase in VPD and a decrease in stem water
potential. O. fragrans is less sensitive to these variables than C. camphora and maintains a relative high water use level.
The two species appear to be anisohydric, but to a different degree in response to the drought. The hydrodynamic water
potential gradient ( ) maintains relatively constant with an average value of 0.59 MPa  for C. camphora, and 1.59 MPa  for
O. fragrans. O. fragrans appears to be less sensitive to drought than C. camphora,  while C. camphora develops an effective
survival mechanism in drought via leaf shedding and dieback of shoots.
Conﬂict of interest statement
We  declare that we have no conﬂict of interest, no ﬁnancial or personal relationships with other people or organizations
other than those listed or acknowledged in the manuscript that would inﬂuence the publication of our work.
Acknowledgements
This study was funded by the Construct Program of Key Discipline in Hunan Province (NO. 2016001) and Hunan Bairen
Program, China. Prof. Guang Han assisted in the ﬁeld experimental site selection. Constructive comments and suggestions
from two anonymous reviewers improved the manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.ejrh.2016.08.001.
References
Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M.,  Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H., Gonzalez, P.,
Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S.W., Semerci, A., Cobb, N., 2010. A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for forests. For. Ecol. Manage. 259 (4), 660–684,
http://dx.doi.org/10.1016/j.foreco.2009.09.001.
Anderegg, W.R.L., Callaway, E.S., 2012. Infestation and hydraulic consequences of induced carbon starvation. Plant Physiol. 159 (4), 1866–1874,
http://dx.doi.org/10.1104/pp.112.198424.
Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate beneﬁts of forests. Science 320 (5882), 1444–1449,
http://dx.doi.org/10.1126/science.1155121.
Brodribb, T.J., Holbrook, N.M., 2003. Changes in leaf hydraulic conductance during leaf shedding in seasonally dry tropical forest. New Phytol. 158 (2),
295–303, http://dx.doi.org/10.1046/j.1469-8137.2003.00736.x.
Burgess, S.S.O., Adams, M.A., 2001. An improved heat pulse method to measure low and reverse rates of sap ﬂow in woody plants. Tree Physiol. 21 (9),
589–598.
Chaves, M.M.,  Flexas, J., Pinheiro, C., 2009. Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103
(4),  551–560, http://dx.doi.org/10.1093/aob/mcn125.
Chirino, E., Bellot, J., Sanchez, J.R., 2011. Daily sap ﬂow rate as an indicator of drought avoidance mechanisms in ﬁve Mediterranean perennial species in
semi-arid southeastern Spain. Trees 25 (4), 593–606, http://dx.doi.org/10.1007/s00468-010-0536-4.
Dai,  A., 2012. Increasing drought under global warming in observations and models. Nat. Clim. Change 3 (1), 52–58,
http://dx.doi.org/10.1038/nclimate1633.
DD
F
F
G
H
J
K
L
L
M
M
M
N
P
P
P
R
S
S
S
T
T
V
W
Y
Z
ZZ. Luo et al. / Journal of Hydrology: Regional Studies 8 (2016) 1–9 9
ixon, M.A., Tyree, M.T., 1984. A new stem hygrometer, corrected for temperature gradients and calibrated against the pressure bomb. Plant Cell Environ.
7  (9), 693–697.
u, S., Wang, Y.-L., Kume, T., Zhang, J.-G., Otsuki, K., Yamanaka, N., Liu G-, B., 2011. Sapﬂow characteristics and climatic responses in three forest species in
the  semiarid Loess Plateau region of China. Agric. For. Meteorol. 151 (1), 1–10, http://dx.doi.org/10.1016/j.agrformet.2010.08.011.
ranks, P.J., Drake, P.L., Froend, R.H., 2007. Anisohydric but isohydrodynamic: seasonally constant plant water potential gradient explained by a stomatal
control mechanism incorporating variable plant hydraulic conductance. Plant Cell Environ. 30 (1), 19–30,
http://dx.doi.org/10.1111/j.1365-3040.2006.01600.x.
u, A., Chen, Y., Li, W.,  Zhang, H., 2004. Research advances on plant water potential under drought and salt stress. J. Desert Res. 25 (5), 744–749.
uo, J., Guan, H.D., Zhang, X.P., 2015. Growing season NDVI variation in the Dongting Lake watershed from 1982 to 2010 and the climatic and
anthropogenic inﬂuences. Resour. Environ. Yangtze Basin 24 (8), 1305–1314.
artmann, H., Ziegler, W.,  Kolle, O., Trumbore, S., 2013. Thirst beats hunger—declining hydration during drought prevents carbon starvation in Norway
spruce saplings. New Phytol. 200 (2), 340–349, http://dx.doi.org/10.1111/Nph.12331.
iang, W.G., Hou, P., Zhu, X.H., Cao, G.Z., Liu, X.M., Cao, R.Y., 2011. Analysis of vegetation response to rainfall with satellite images in Dongting Lake. J. Geog.
Sci.  21 (1), 135–149, http://dx.doi.org/10.1007/s11442-011-0834-9.
ocher, P., Gebauer, T., Horna, V., Leuschner, C., 2009. Leaf water status and stem xylem ﬂux in relation to soil drought in ﬁve temperate broad-leaved tree
species with contrasting water use strategies. Ann. For. Sci. 66 (1), 101, http://dx.doi.org/10.1051/forest/2008076.
ewis, S.L., 2006. Tropical forests and the changing earth system. Phil. Trans. R. Soc. B : Biol. Sci. 361 (1465), 195–210,
http://dx.doi.org/10.1098/rstb.2005.1711.
uo, B., Li, Y., 2014. Characteristics of serious high temperature and drought and anomalies of atmospheric circulation in summer of 2013 in Hu’nan
province. J. Arid Meteorol. 32 (4), 593–598.
achado, J.L., Tyree, M.T., 1994. Patterns of hydraulic architecture and water relations of two tropical canopy trees with contrasting leaf phenologies:
Ochroma pyramidale and Pseudobombax septenatum. Tree Physiol. 14 (3), 219–240.
cDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cobb, N., Kolb, T., Plaut, J., Sperry, J., West, A., Williams, D.G., Yepez, E.A., 2008. Mechanisms of
plant  survival and mortality during drought: why do some plants survive while others succumb to drought? New Phytol. 178 (4), 719–739,
http://dx.doi.org/10.1111/j.1469-8137.2008.02436.x.
cDowell, N.G., Beerling, D.J., Breshears, D.D., Fisher, R.A., Raffa, K.F., Stitt, M.,  2011. The interdependence of mechanisms underlying climate-driven
vegetation mortality. Trends Ecol. Evol. 26 (10), 523–532, http://dx.doi.org/10.1016/j.tree.2011.06.003.
ortes, P.A., Perez-Pastor, A., Egea, G., Conejero, W.,  Domingo, R., 2005. Comparison of changes in stem diameter and water potential values for detecting
water  stress in young almond trees. Agric. Water Manage. 77 (1-3), 296–307, http://dx.doi.org/10.1016/j.agwat.2004.09.034.
hillips, O.L., Aragao, L.E., Lewis, S.L., Fisher, J.B., 2009. Drought sensitivity of the Amazon rainforest. Science 323 (5919), 1344–1347,
http://dx.doi.org/10.1126/science.1164033.
iper, F.I., 2011. Drought induces opposite changes in the concentration of non-structural carbohydrates of two evergreen Nothofagus species of
differential drought resistance. Ann. For. Sci. 68 (2), 415–424, http://dx.doi.org/10.1007/s13595-011-0030-1.
oyatos, R., Llorens, P., Pinol, J., Rubio, C., 2008. Response of Scots pine (Pinus sylvestris L.) and pubescent oak (Quercus pubescens Willd.) to soiland
atmospheric water deﬁcits under Mediterranean mountain climate. Ann. For. Sci. 65 (3), 306, http://dx.doi.org/10.1051/Forest:2008003.
oberts, J., 2000. The inﬂuence of physical and physiological characteristics of vegetation on their hydrological response. Hydrol. Processes 14 (16–17),
2885–2901.
axe, H., Cannell, M.G.R., Johnsen, Y., Ryan, M.G., Vourlitis, G., 2001. Tree and forest functioning in response to global warming. New Phytol. 149 (3),
369–400, http://dx.doi.org/10.1046/j.1469-8137.2001.00057.x.
obrado, M.A., 1986. Aspects of tissue water relations and seasonal changes of leaf water potential components of evergreen and deciduous species
coexisting in tropical dry forests. Oecologia 68 (3), 413–416.
terl, A., Severijns, C., Dijkstra, H., Hazeleger, W.,  Jan van Oldenborgh, G., van den Broeke, M.,  Burgers, G., van den Hurk, B., Jan van Leeuwen, P., van
Velthoven, P., 2008. When can we expect extremely high surface temperatures? Geophys. Res. Lett. 35 (14), http://dx.doi.org/10.1029/2008gl034071.
ian,  D.L., Luo, Y., Xiang, W.H., Yan, W.D., 2004. Photosynthetic characteristics of Cinnamomum camphora and its response to elevationof CO2 and
temperature. Scientia Silvae Sinicae 40 (5), 88–92.
yree, M.T., Cochard, H., Cruiziat, P., Sinclair, B., Ameglio, T., 1993. Drought-induced leaf shedding in walnut: evidence for vulnerability segmentation.
Plant  Cell Environ. 16 (7), 879–882, http://dx.doi.org/10.1111/j.1365-3040.1993.tb00511.x.
andegehuchte, M.W.,  Guyot, A., Hubau, M., De Groote, S.R.E., De Baerdemaeker, N.J.F., Hayes, M.,  Welti, N., Lovelock, C.E., Lockington, D.A., Steppe, K.,
2014.  Long-term versus daily stem diameter variation in co-occurring mangrove species: environmental versus ecophysiological drivers. Agric. Forest
Meteorol. 192-193, 51–58, http://dx.doi.org/10.1016/j.agrformet.2014.03.002.
ang, H., Guan, H., Deng, Z., Simmons, C.T., 2014. Optimization of canopy conductance models from concurrent measurements of sap ﬂow and stem
water potential on Drooping Sheoak in South Australia. Water Resour. Res. 50 (7), 6154–6167, http://dx.doi.org/10.1002/2013wr014818.
ang,  Y., Guan, H., Hutson, J.L., Wang, H., Ewenz, C., Shang, S., Simmons, C.T., 2012. Examination and parameterization of the root water uptake model
from  stem water potential and sap ﬂow measurements. Hydrol. Processes 27 (20), 2857–2863, http://dx.doi.org/10.1002/hyp.9406.
hang, C., Han, G., Guan, H., 2014. Responsesof optimal photosynthesis temperature to changes in ambient temperature for Cinnamomum camphora and
Osmanthus fragrans. Chin. J. Ecol. 33 (11), 2980–2987.
hao, M.,  Running, S.W., 2010. Drought-induced reduction in global terrestrial net primary production from 2000 through 2009. Science 329 (5994),
940–943, http://dx.doi.org/10.1126/science.1192666.
